Abstract-This paper describes a process to perform nanoscale welding of multi-walled carbon nanotubes (MWCNTs) using a conductive atomic force microscopy (AFM) tip. An AFM tip can be used not only to apply a mechanical force to push, drag or scratch a sample, but also to exert an electrostatic force between the conductive tip and a sample substrate by applying a bias voltage. This electrostatic field will be extremely high, due to the phenomenon of local field enhancement. Such a high electric field will provide enough energy for the metal atoms to evaporate from the conductive tip. In this paper, a model is developed to simulate the electrostatic field by adjusting the distance and the bias voltage between the conductive tip and substrate. The simulation results show that the radius of the conductive tip, the bias voltage and the gap distance will all affect the electric field intensity. In our experiments, MWCNTs are first assembled between a pair of electrodes using a dielectrophoresis (DEP) technique. Then, an electrostatic field is applied to weld MWCNTs onto the surface of microelectrodes. The experimental results show that MWCNTs can effectively be welded and the electronics performance can also be greatly improved.
alignment of CNTs [6] .
In the past few years, different methods have been developed to address these challenges in assembling, processing, and fabrication of CNT-based nanodevices [7, 8] . For example, dielectrophoresis (DEP) has been utilized for the batch alignment of CNTs on a pair of electrodes, in which an electric dipole can be deposited to a desired position. Taking advantage of the basic CNT-electrode structures, researchers have presented several applications such as CNT-FETs, as well as all sorts of nanosensors. In order to realize the controlled positioning and precise integration of CNTs into nanosystems, an AFM-based nanomanipulation system has also been reported. Making use of this method, a single CNT can be manipulated and assembled to build the basic functional nanostructures [8] . For CNT-based electronics applications, it is extremely important to improve the contact between CNTs and microelectrodes, as well as to reduce the contact resistance. Low-resistance contact with electrodes will lead to major performance improvements in CNT-based nanoelectronics devices and greatly decrease power consumption.
To date, several methods have been reported to make low-resistance contact between the CNTs and an electrode, which includes an ultrasonic bonding technique, a high-temperature annealing process, as well as an AFM-based nanowelding method. The ultrasonic bonding takes advantage of a traditional IC package technique, in which a force is applied which presses the bonding head against the CNTs and electrodes with an ultrasonic vibration [9] . However, this method can possibly distort or even damage the CNTs because of the direct contact between the bonding head and the CNTs. The high temperature annealing method also has limited applications due to some unexpected effects on the devices [10] . The AFM has been identified as one of the most promising tools for fabrication of CNT-based nanodevices because of its potential for high-performance observation, manipulation and nano-welding of CNTs [11, 12] .
In this paper, we use finite element method (FEM) software (COMSOL Multiphysics) to simulate the process of AFM-based nano-welding and to calculate the electric field between the AFM tip and the substrate. Furthermore, experimentally controllable parameters are also discussed, which include the gap distance, impulse voltage and time duration. Experiments have demonstrated that the performance of the CNT-electrode contact can be greatly also an affiliated professor at the Shenyang Institute of Automaton (corresponding author, e-mail: wen@mae.cuhk.edu.hk). 
Nanoscale Welding of MWCNTs for Nanodevice Applications

II. AFM-BASED NANO-WELDING SYSTEM
A. Electric Field Simulation
The AFM has been demonstrated to be one of the most useful tools for nanoscale observation and manipulation. In addition, the AFM has also shown its potential for nanoscale oxidation and welding using a conductive AFM tip. For a typical nanowelding process, the conductive AFM tip acts as a field evaporation source. In order to deposit metal atoms from the conductive AFM tip, it is necessary to produce an extremely high electric field around the AFM tip. We here consider that such a high electric field will provide extremely high current densities, because the radius of the tip is in a range of 20-40 nm. Pulsing such a high current density through the AFM tip will produce a local high temperature. Applying an electric field, metals coated on the tip will be heated to a high temperature, hence melting and be deposited onto the substrate. Fig. 1 shows a schematic of the nanowelding system based on an AFM tip.
A very high electric field can be obtained using the local field enhancement technique with a very sharp conductive AFM tip. When a sharp conductive AFM tip is used, the electric field lines will be concentrated around the edge of the AFM tip. Therefore, the macroscopic electric field required to induce metal deposition is reduced to a few V/nm. Additionally, the electric field can also be enhanced by reducing the distance between the tip and the sample surface. Therefore, two key parameters to realize nanoscale welding using field evaporation are to use a sharp AFM tip and to reduce the distance between the tip and sample. Fig. 2 illustrates the distribution of the electric field around the conductive tip. The distance between the bottom of the tip and the surface of the substrate is 30 nm. The radius of the tip is 15 nm. The following boundary conditions are applied to the simulation model: A negative bias voltage at -10V is introduced to the tip; the substrate voltage is 10V. Fig. 3 shows an electric field distribution on a two-dimensional (2D) slice of the model volume, through the center of AFM tip. The electric field at the bottom of the tip is as high as 1. 711 ×10 9 V/m.
B. Vertical Deflection Analyses
When the AFM is operated in an electric field mode, the tip and cantilever will experience an electric field force. As a result, the cantilever beam will deflect towards the substrate that is fixed on the sample puck. In our welding process, the distance between the tip and substrate is indeed one of the important determining factors. Distance control can be achieved with a Position Sensitive Detector (PSD) signal. In the current AFM set up, PSD signal of vertical deflection can be obtained through the NanoScopeTM Signal Access Module (SAM).
In order to get more insights into the relationship between the vertical deflection and the gap distance as well as the bias voltage, we measured the vertical displacement of the Fig. 1 Schematic structure of a nanowelding system based on an AFM. Where r is the radius, p is the center of a solid sphere, l is the distance between the bottom of the tip and the sample surface, E local is the local electric field around the AFM tip and E macros is the macroscopic electric field. Fig. 3 A 2D slice of the electric field through the centre of the AFM tip and substrate. cantilever in different conditions. The relative humidity is in a range of 25-55%. The ambient temperature is 22 o C. The probe used is a type of conductive probe with a spring constant k=2N/m (OSCM-PT, Veeco Instruments Inc.). Fig. 4 illustrates the relationship between the impulse voltage and the vertical deflection at 100 nm tip-to-substrate gap distance. The time duration is 0.2 s. Experiments suggest that the vertical deflection of the cantilever will increase when the tip-to-substrate distance is reduced. Moreover, when the tip-to-substrate distance is less than 10 nm, the surface tension will pull the tip towards the surface, which will possibly influence the metal deposition from the tip. For the welding process, a proper distance is in a range from 10 nm to 30 nm. The tip and cantilever experience a displacement force that is dominated by the electric field force.
III. EXPERIMENTS
A. Assembly of MWCNTs
Microelectrodes are defined with lithography techniques. The fabrication process is described in [13] . The height of the gold electrodes is ~50 nm and the gap width is ~1 m. MWCNTs are first dispersed in alcohol via ultrasonication for one hour. Then, MWCNTs are aligned on a pair of electrodes using the DEP method. Fig. 6 illustrates that a single MWCNT is aligned between the two electrodes.
B. Welding of a MWCNT
During electric field mode operation, the sample needs to be electrically connected to a standard, steel, sample puck using a conductive adhesive. The probe used is a conductive probe coated with a layer of Pt (OSCM-PT, Veeco Instruments Inc.). For a typical welding process, the tip is first moved to the welding position. Then, AFM state was switched from tapping-mode to contact-mode. Furthermore, the feedback needs also to be switched off. A negative impulse voltage of -10 V was applied. The sample bias voltage was set at 10 V. The duration was 0.5 s. The distance between the tip and the substrate was 20 nm. The relative humidity was in a range of 25-55%. The ambient temperature was 22 o C. The impulse voltage was applied by the NSIV Controller within the NanoMan program. Fig. 7 illustrates the tapping mode AFM images before and after welding. From the cross section plot in Fig. 7(a) , the diameters of the MWCNTs are in a range from 20-30 nm. As 
shown in Fig. 7(b) , the welding process is carried out three times. Experiments suggest that the MWCNT will be broken down by the induced electric field when the tip was located directly over the MWCNT, such as in positions P1 and P2. Therefore, we moved the tip beside the MWCNT. The lateral distance between the tip and MWCNT was about 10 nm. The single MWCNT was welded onto the electrode. The height of the welding dot is 50 nm.
AFM-based manipulation using a tip provides a way of measuring the intensity of welding spot. Fig. 8 illustrates that, when the MWCNT is pulled and divided into two parts, the welding spot has not moved.
For CNT-based electronics applications, an important issue is to reduce the contact resistance. Therefore, we need to measure current versus voltage (I-V) curves for the MWCNT-electrode structure. Direct-current measurements of the MWCNT are carried out in air using a semiconductor parameter analyser (Agilent, 4155C). Fig. 9 shows the I-V curves of a typical CNT-electrode structure (shown in Fig. 6 ) before and after nanoweilding. It suggests that the electrical conductivity has vastly been improved.
IV. CONCLUSION
In summary, we have simulated the electric field produced by a conductive AFM tip. The electric field force makes the cantilever deflect vertically towards the substrate. Therefore, the proper distance for welding ranges of 10-30 nm. The contact resistance of the CNT-electrode structure is effectively reduced via nanowelding. This provides a feasible method to decrease the power consumption for CNT-based nanodevices. A challenge is that the metal coated on the tip will possibly be quickly consumed, which will be an obstacle for widespread applications of AFM-based nanowelding. 
